Abstract Numerous cellular and molecular perturbations have been studied to elucidate the pathogenic mechanisms underlying nephrotic-range proteinuria, which may in turn shed light on disease-specific mechanisms. We have analyzed the publicly available data from the PhysGen partial panel of consomic rats to determine whether there are quantitative trait loci that associate with nephrotic-range proteinuria. As of this writing, consomic rat strains subjected to the renal protocol have been bred by the Program for Genomic Applications for 15 of the 22 rat chromosomes for both genders, predominantly with the Brown-Norway (BN) and Dahl salt-sensitive (SS) strains as parents. We defined chromosomes of interest as consomic SS-xBN strains whose phenotype measurements differed significantly from SS but not BN strains, stratified by gender. We filtered and clustered differentially expressed genes by function in renal tissue from relevant strains. Proteinuria was significantly higher in male SS vs. male SS-18BN, and it was significantly higher in male SS vs. female SS. Functional clustering of differentially expressed genes yielded two specific functional clusters: apoptosis (p=0.022) and angiogenesis (p=0.046). Gene expression profiles demonstrated differential expression of apoptotic and angiogenic genes. However, TUNEL stains of renal tissue showed no significant difference in the number of apoptotic nuclei. We conclude that chromosomes 18 and X are quantitative trait loci for nephrotic-range proteinuria in rats.
Introduction
Nephrotic-range proteinuria is the primary manifestation of nephrotic syndrome, the most common glomerular disease in children and the most common acquired disease causing pediatric end-stage renal disease (ESRD), accounting for approximately 15% of pediatric ESRD in North America [1] . The pathophysiology of nephroticrange proteinuria in the setting of nephrotic syndrome and posttransplant recurrence of nephrotic syndrome has been associated with altered T cell subsets, circulating permeability factors, seven interleukins/interleukin receptors, interferon-g, transforming growth factor-b, vascular endothelial growth factor, nuclear factor k-B (NFkB), tumor necrosis factor-a, a-actinin-4, nephrin, and podocin (reviewed in [2] ). Therefore, the pathophysiology of proteinuria in the setting of progressive glomerular disease is arguably multigenic.
Understanding multigenic pathophysiologic mechanisms such as those underlying proteinuria is a difficult task. To this end, the Program for Genomic Applications (PGA) has bred consomic rats to provide chromosomespecific animal models [3, 4] . These rats' chromosomes are homologs of one parent, except for a single chromosome that is a homolog of the other parent. A different strain can be bred for each chromosome of interest, thus creating a "panel" of consomic animals. Phenotype and genomic studies of these rats and their parents, performed by PGA and made publicly available, provide an opportunity to single out which chromosomes are loci that are potentially involved in a quantifiable trait of interest, thus providing a resource to discover quantitative trait loci (QTL). QTL provide valuable information regarding the genetic loci underlying complex "continuous" traits such as blood pressure [5, 6, 7] and proteinuria [6] .
PhysGen [8] is a National Heart, Lung and Blood (NHLBI)-funded PGA that is breeding a panel of consomic rats and has performed genotyping and phenotyping studies and, in some strains, has performed spotted microarray gene expression studies of several tissues of interest in these animals. This unique database provides an excellent opportunity to search for cross-chromosome multigenic associations with proteinuria. We have analyzed the publicly available data from the PhysGen Renal Protocol normoxic phenotype and gene expression data to determine whether there are QTL that associate with nephrotic-range proteinuria and to assess for functional genomic clusters that may be encoded within nephrotic proteinuria-associated QTL.
Methods

Consomic rat strains and phenotyping protocols
We accessed the publicly available PhysGen database for phenotype and genomic data [9] . Details regarding the breeding protocols, genotyping, phenotyping, and other analyses can be found on the PGA Web site. PhysGen protocols conform to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. At the time of this analysis, PhysGen has bred adult consomic strains subjected to the "Renal B" protocol for rat chromosomes 1, 2, 4, 6,7, 9, 11,13, 16,18, and 20, and for the rat Y chromosome. For chromosomes 2, 4, 6, 7, 9, 11, 13, 16, 18, 20 , and Y, consomic strains consisted of the specific Brown-Norway (BN) rat chromosome introgressed within a Dahl salt-sensitive (SS) rat background. The chromosome 1 consomic strain consisted of BN chromosome 1 within a fawn-hooded hypertensive (FHH) rat background. In addition, PhysGen has bred congenic strains for rat chromosomes 8 and 12, in which a majority BN chromosome is introgressed within an SS rat background. We stratified protocol analyses by gender, allowing for analysis of X-chromosome effects as well. Therefore, our analysis included consomic or congenic strains covering 15 of the 22 rat chromosomes (1, 2, 4, 6, 7, 8, 9, 11, 12, 13, 16, 18, 20 , X, and Y). Although the PhysGen database includes animals subjected to hypoxia, only those rats in the normoxic group were included in our analysis in order to avoid confounding molecular effects due to hypoxia.
For our analysis we focused on the PhysGen data generated by the "Renal B" protocol [10] , which includes the following baseline phenotype measurements: proteinuria (mg/day), microalbuminuria (mg/day), baseline mean arterial pressure (MAP; mmHg), heart rate (HR; beats/min), plasma renin activity (PRA; ng AngI/ml/h), sodium excretion (mEq/day), potassium excretion (mEq/day), creatinine clearance (CrCl; ml/min), and the serum creatinine level (SCr; mg/dl), stratified by strain (BN, SS, SS-xBN, where x=consomic chromosome) and gender.
Identifying chromosomes of interest
We used the R programming environment version 1.7.1 for phenotype data exploration and visualization. We then assessed for differences between genders across all strains for each renal phenotype measurement.
Phenotype measurements demonstrating a significant difference between male and female rats were stratified by gender for all subsequent analyses. We performed comparisons between parental strains and each consomic child strain (i.e., parent vs. parent vs. consomic child), stratified by gender, for each feature. Chromosomes that met both of the following a priori filter criteria were considered to be of interest for further analysis:
1. A statistically significant difference in proteinuria and/or albuminuria measurements between the SS parent and consomic same-gender offspring 2. No significant difference in proteinuria or albuminuria measurements between the BN parent and consomic same-gender child.
With respect to the rat Y chromosome, we determined whether proteinuria and/or albuminuria were (1) significantly different in SS-YBN compared with male SS rats, but not significantly different compared with male BN rats, or (2) significantly different in SS-YBN compared with male BN rats, but not significantly different compared with male SS rats.
To assess for other significant phenotypic differences between strains, the same criteria were applied to assess for significant differences in MAP, PRA, HR, SCr, CrCl, sodium excretion, and potassium excretion.
The nonparametric Wilcox.test function in R was utilized to determine whether differences were statistically significant. Differences were considered statistically significant if the nonparametric p-value was <0.05.
cDNA microarray analyses
We downloaded microarray data generated by PhysGen. Microarray preparation and sample processing protocols are posted on the PGA Web site. At the time of this analysis, microarray data were available for several consomic strains from kidney, heart, liver, and lung tissues, stratified by strain and gender. Including flipped hybridizations, each comparison in our analysis included a total of 12 samples from six arrays. We subjected the data to regression normalization. We used the SAM algorithm [11] implemented in R to analyze expression arrays of renal tissue from consomic strains corresponding to chromosomes identified as described above. Rather than selecting a threshold off the plot of observed relative difference [d(i)] to expected relative difference [d(E)], we ranked the genes in each comparison by the d(i)-d(E) (upregulated) differences and the d(E)-d(i) (downregulated) differences. For each comparison we extracted the top 5th percentile upregulated genes and the top 5th percentile downregulated genes. Plots of genespecific scatter (s(i)) vs. d(i) and of d(i) vs. d(E) were appropriately similar to published SAM algorithm data [11] .
Functional clustering of differentially-expressed genes
To determine the most up-to-date functional annotation of differentially expressed genes, we created a PERL script incorporating the Bioperl module to automatically retrieve descriptors from GenBank for all differentially expressed genes. All differentially expressed genes and expressed sequence tags (ESTs) with either known function or similarities to genes with known function were submitted to the Expression Analysis Systematic Explorer (EASE) to be clustered by function [12] . EASE clusters genes based upon commonalities in gene ontology and ranks clusters based on an EASE score as well as the Fisher's exact p-value. Resulting clusters often include large, nonspecific clusters such as "cell," "cytoplasm," or "metabolism" in addition to smaller, more specific clusters such as "transition metal ion binding" or "cation transport." We noted the highest ranked specific functional clusters of differentially expressed genes based on the Fisher's exact p-value. We then determined the chromosomal location of genes within these clusters, if known, from public sources, including The Institute for Genomic Research (TIGR) and the National Center for Biotechnology Information (NCBI, LocusLink, and UniGene).
TUNEL
In light of our functional clustering results (see Results section), we elected to evaluate for apoptotic activity in renal tissue from strains of interest. We obtained from PhysGen 12 unstained renal tissue histology slides of male and female rat strains of interest. Detailed histology processing information is available in the PhysGen histology protocol. Formalin fixed rat kidney paraffin sections (3-micron thickness) obtained from PhysGen were deparaffinized and washed with water, followed by phosphate-buffered saline (PBS). The TUNEL reaction mixture from the In situ Cell Death Detection Kit, Fluoresceine (Boeringer Mannheim, Roche, Indianapolis, IN) was prepared according to the company instructions (dilution of enzyme 1:20), added to the sections, and incubated in a humid chamber for 90 min at 37C. The sections were washed with PBS and mounted with Vector Shield mounting media (Vector) containing 12.5 mg/ml DAPI. As a negative control, we incubated the kidney sections in label solution without addition of the enzyme. Fluorescence images were captured using a Nikon Eclipse E-1000 microscope and a Diagnostic Instruments SPOT RT cooled color camera.
Results
Identification of chromosomes of interest
Phenotypic measurements were significantly different between all male and female (parental and consomic) rats for all measurements except serum creatinine (Table 1) . Therefore, all phenotype measurements except serum creatinine were assessed via our a priori filter criteria, across all available consomic strains and stratified by gender. As a reference point for defining nephrotic-range proteinuria in rats, puromycin aminonucleoside-induced nephrosis in rats manifests nephrotic-range proteinuria at a urine excretion rate of greater than approximately 150 mg/day [13] .
SS male rats demonstrated nephrotic-range proteinuria (Fig. 1) . Based upon our a priori filter criteria, urine protein excretion was significantly different between strains for the SS-18BN consomic rats, such that proteinuria in SS-18BN consomic rats stratified by gender was significantly lower than for SS rats and not significantly different from BN rats (Fig. 1) . In addition, significantly elevated urine protein excretion levels were detected in male SS rats vs. female SS rats and in male SS-18BN vs. female SS-18BN rats (Fig. 1) . The rat Y chromosome was not identified as a chromosome of interest by our filter criteria. None of the other phenotype measurements (MAP, PRA, HR, SCr, CrCl, sodium excretion or potassium excretion) fulfilled the a priori filter criteria for any of the consomic strains tested. Therefore, rat chromosomes 18 and X were identified as QTL chromosomes of interest with respect to nephrotic proteinuria.
Differentially expressed genes and functional clustering
Based on the pattern of protein excretion across genders and strains (Fig. 1) , we performed analyses for differential gene expression comparing male SS to female SS rats, and male SS rats to male SS-18BN rats. Each PhysGen microarray measured a total of 27,648 genes. Five percent of this number is 1,382 genes. Therefore, the SAM algorithm was configured to filter out the 1,382 most upregulated genes and the 1,382 most downregulated genes for each of the two comparisons, based upon the observed vs. expected differences, as described in the Methods section.
Utilizing GenBank accession numbers, our PERL script was able to identify descriptors for all differentially expressed genes, and a total of 870 genes were identified Table 2 ). Only three ESTs from these two functional clusters mapped to either of the rat chromosomes of interest: a-raf murine sarcoma viral oncogene (two distinct ESTs, mapped to rat chromosome X) and adenomatosis polyposis coli (mapped to rat chromosome 18). Of these three ESTs, only the a-raf oncogene ESTs showed differential expression between strains consistent with chromosomal location; both a-raf oncogene ESTs were significantly downregulated in male SS rats vs. female SS rats. The adenomatosis poly- posis coli EST was differentially expressed between genders but not between male SS and male SS-18BN rats. Given the limitations of functional clustering in identifying all relevant genes within a functional cluster, we searched the list of all top 5th-percentile differentially expressed genes for 253 keywords or phrases pertaining to angiogenesis and apoptosis. We determined the chromosomal location of all such genes in order to detect ESTs for which differential expression was consistent with the respective strain comparison. Of 253 keywords, this search yielded only three additional ESTs: fibroblast growth factor (FGF) inducible gene 14, vascular endothelial growth factor (VEGF)-D, and GATA-6. The proangiogenic genes FGF inducible gene 14 and VEGF-D both mapped to rat chromosome X. Of these two ESTs, only FGF inducible gene 14 was differentially expressed between genders (downregulated in male SS vs. female SS). VEGF-D was upregulated in male SS vs. male SS-18BN. GATA-6, a proapoptotic transcription factor, mapped to chromosome 18 and was upregulated in nephrotic male SS rats vs. male SS-18BN rats.
Therefore, a-raf oncogene, FGF-inducible protein 14, and GATA-6 may be genes of interest in association with nephrotic-range proteinuria in rats, but it is unlikely that apoptosis or angiogenesis are mechanisms predominantly represented by nephrotic proteinuria-associated QTL.
Upon examination of the direction of the balance between angiogenesis and apoptosis at the gene expression level between male SS and female SS rats, we found no significant direction of expression, although there was an overall trend for downregulation of proangiogenic and antiapoptotic genes and for upregulation of proapoptotic genes (Table 3) . No overall shift toward either apoptosis or angiogenesis at the gene expression level was observed when comparing male SS to male SS-18BN rats (Table 4), although numerous differentially expressed apoptotic and angiogenic genes were observed.
Histopathology
We downloaded publicly available images of renal trichrome histopathology sections from the PhysGen Web site. These revealed increased mesangial matrix and a decrease in the number of patent glomerular capillaries in all groups. No significant qualitative differences were observed between groups. The PhysGen pathologist interpreted all specimens as "fibrosis/sclerosis."
TUNEL
In light of our gene expression results, we obtained 12 unstained renal tissue histology slides of male and female SS rats and male and female SS-18BN rats from PhysGen in order to perform TUNEL reaction analyses. Although the median number of apoptotic nuclei was higher in SS vs. SS-18BN rats (Fig. 2) , these differences were not statistically significant. Male SS renal tissue displayed focal, condensed collections of apoptotic nu- clei, while apoptotic nuclei were dispersed in the renal tissue from female SS rats, particularly in the inner stripe of the outer medulla (Fig. 3) .
Discussion
We have identified rat chromosomes 18 and X as QTL for nephrotic-range proteinuria. The general nature of our approach was to set predefined filtering criteria to select chromosomes of potential interest, followed by the application of established bioinformatics methods to determine whether there exist identifiable categories of differentially expressed genes related to the selected chromosomes. Functional clustering of gene expression data suggested that angiogenic and apoptotic genes residing in these loci may be associated with nephrotic-range proteinuria, and several significantly differentially expressed angiogenic and apoptotic genes were found to be within the upper 5th percentile. As well, upon examination of the overall direction of the balance between angiogenesis and apoptosis at the gene expression level, we found a trend toward downregulation of proangiogenic and antiapoptotic gene expression and for upregulation of proapoptotic genes in nephrotic male vs. nonnephrotic female comparisons. However, a search of 253 additional angiogenesis-and apoptosis-related genes revealed only a small fraction of genes mapping to the two QTL of interest. Furthermore, associations between the QTL and nephrotic-range proteinuria may result from events not directly related to gene expression; events at the DNA, protein, and posttranslational levels may be more prominent. Consequently, our gene expression findings may simply represent surrogate markers that are dependent upon genetic and/or protein events. Therefore, we cannot conclude from our findings that either angiogenesis or apoptosis are predominant mechanisms expressed by rat chromosomes 18 and X in the pathogenesis of nephroticrange proteinuria. Given our gene expression findings, we performed TUNEL analyses of renal tissue from the SS-18BN consomic strain. Our TUNEL staining studies revealed no significant difference in the number of apoptotic nuclei in rat strains of interest, supporting our conclusion that apoptosis is not likely a predominant mechanism expressed by rat chromosomes 18 and X in the pathogenesis of nephrotic-range proteinuria. The apoptotic activity in our TUNEL analyses was focal and condensed in the nephrotic SS males and diffusely distributed in the nonnephrotic SS females. These findings were observed in tubules in the inner stripe of the outer medulla, the region of the kidney in which the thick and thin ascending limbs of the loop of Henle reside, and the collecting ducts, possibly representing tubular cell death of these nephron segments. The significance of this finding is unclear, but it likely represents apoptosis of interstitial cells, infiltrating leukocytes, and/or capillary endothelial cells, probably related to nonspecific progression of tubulointerstitial damage that may or may not occur secondary to proteinuria rather than a direct result of glomerular processes. Although it is known that excessive proteinuria induces apoptotic events in the proximal renal tubule, including increased NFkB activation and TNF expression [14] and increased expression of Fas and Fas-associated protein with death domain [15] , it is not clear whether similar events occur in the loop of Henle. It is therefore also possible that our TUNEL observations reflect the effects of proteinuria-induced injury occurring predominantly in the medullary tubular segments.
Other consomic-based studies of proteinuria have been reported [5, 6] . Cowley et al. evaluated the role of chromosome 13 in the genetics of hypertension in SS-BN13 consomic rats. In addition to concluding that rat chromosome 13 contains genes protective against salt-sensitive hypertension, the authors also observed significantly less proteinuria in the SS-13BN rats compared with the SS strain [5] . Yagil et al. bred consomic rat strains for Fig. 2 Boxplots showing the number of apoptotic nuclei on TUNEL stains of SS and SS-18BN renal tissue. No significant differences exist between genders or rat strains (all nonparametric p-values >0.05) Fig. 3 TUNEL images of the inner stripe of the outer renal medulla from female (upper panels) and male (lower panels) SS (left panels) and SS-18BN (right panels) rats Sabra hypertension-prone chromosomes 1 and 17 on a Sabra hypertension-resistant background [6] . The consomic strains demonstrated much higher levels of proteinuria compared with the hypertension-resistant strain, but as we have also reported here, the renal histology was not different between the two strains. Yagil et al also reported similar findings in congenic rat strain models of salt-sensitive hypertension [7] . Our conclusions differ from the results of these reported investigations, primarily as a result of our use of a priori filter criteria to perform a global screen of all available consomic strains based solely on renal phenotype measurements, rather than selecting a specific chromosomal strain for study.
Our approach has several strengths and limitations. Our study is limited by seven missing consomic strains and by the lack of functional annotation for many ESTs. As well, functional clustering requires that gene functions be known and is also limited because many proteins have multiple functions, whereas many have as yet no known function. Furthermore, functional clustering results suggest associations only and provide no evidence of causality. Although SAM is an established algorithm that is commonly used to determine differential expression of genes in paired microarray data, it relies upon the validity of certain assumptions, such as the normality of the data and the effect of repeated testing. Our approach is empowered by the setting of stringent a priori criteria to select chromosomes of interest and by the scope of the chromosomes assessed, representing the majority of the rat genome. From this nearly genome-wide search, our findings implicate chromosomes 18 and X as QTL for nephrotic-range proteinuria in rats. The likely involvement of multiple genes originating from disparate chromosomes supports our hypothesis that genomic regulation of nephrotic-range proteinuria is diverse and complex. Our approach is a virtually global screen that identifies QTL related to nephrotic-range proteinuria and is largely dependent upon the accessibility and quality of Webbased datasets.
It is unclear whether SS rat chromosomes X and 18 contain genes that cause proteinuria that then resolves when either of those chromosomes are replaced by the corresponding BN strain chromosome, or whether genes in the SS genome cause proteinuria, and BN chromosomes X and 18 contain genes that are protective against proteinuria. More specific information could be uncovered if the sequences for these genes could be compared between the BN, SS, and SS-BN strains to identify polymorphisms that may indicate altered gene function and a propensity to proteinuria. To this end, efforts towards a unified rat single nucleotide polymorphism (SNP) map may be most informative [16] .
In summary, we have identified chromosomes 18 and X as QTL for nephrotic-range proteinuria in rats. In-depth studies of these two QTL in rat models of nephrotic syndrome would be of value.
